A high-speed train entering a tunnel generates a compression wave that propagates through the tunnel toward its exit. When the compression wave reaches the tunnel exit, a pressure pulse causing environmental problems (the micro-pressure wave) is radiated from the exit portal. The micro-pressure wave magnitude is approximately proportional to the maximum pressure gradient of the tunnel compression wave arriving at the exit portal. In a long Shinkansen tunnel with concrete slab tracks, the compression wavefront steepens due to the nonlinear effect during its propagation because all surfaces of the tunnel wall are smooth. Therefore, it is necessary to investigate the compression wave distortion in a tunnel and to clarify the characteristics of the compression wave propagation for estimating and reducing the magnitude of the micro-pressure wave. In this paper, we introduce a new simple equation governing distortion of the tunnel compression wave propagating through a Shinkansen tunnel with concrete slab-tracks. We propose a new simple scheme for numerical calculations. A space evolution type equation with one variable is derived from the three conservation equations (mass, momentum, and energy including the wall friction and heat transfer terms) of the 1D CFD by assuming small disturbances excited by the compression wave. The numerical calculation scheme based on the simple equation reduces the computing time remarkably because its CFL condition is relaxed. The calculation results obtained using the proposed scheme agree well with those by a conventional scheme based on the 1D CFD. The accuracy of the simple equation is verified.
Introduction
A compression wave is generated in a tunnel when a high-speed train enters it. The compression wave propagates through the tunnel toward its exit portal. When the compression wave arrives at the exit portal, a pulse wave, called the micro-pressure wave (1) , (2) , is radiated out of the tunnel. It is necessary to reduce the peak value of the micro-pressure wave to reduce the wayside environmental impact: blasting sounds and rattling of window frames of houses. The magnitude of the micro-pressure wave is approximately proportional to the maximum pressure gradient (∂p/∂t) max of the compression wave arriving at the tunnel exit. Therefore, in the Japanese high-speed train system, some kinds of countermeasures against the micropressure waves are applied to reduce (∂p/∂t) max in the tunnel, e.g., tunnel entrance hoods (2) and extension and optimization of train noses (3) , (4) .
Prediction of the peak value of the micro-pressure wave necessitates prediction of (∂p/∂t) max at the tunnel exit. However, (∂p/∂t) max is changeable while the compression wave propagates. Therefore, it is necessary to predict distortion process in the tunnel. In a slab track tunnel without ballast, porous materials, the entirety of the boundary wall, such as a tunnel wall and a track surface, is smooth and the frictional effect on the wall is small. Consequently, the nonlinear effect that tends to steepen the compression wavefront surpasses the attenuation effects in the slab track tunnel. As a result, the greater the propagation distance becomes, the more rapidly the compression wavefront becomes steep. In a longer tunnel, the peak value of the micro-pressure wave tends to become greater. In the case of a very long slab track tunnel, such as propagation distance of the compression wave is greater than 10 km, the compression wavefront tends to attenuate with propagation because of superiority of effects of the friction, large shafts, and many short side branches installed at regular intervals (5) . In addition, distortion of the compression wave also depends on the initial waveform at the tunnel entrance.
It is difficult to study such distortion process in detail with model experiments or field tests. Therefore, many numerical studies have been reported (2) , (5) - (9) . For example, Fukuda et al. (5) proposed a 1D CFD technique considering effects of the wall friction and heat transfer, and reported that numerical results calculated using it agreed well with field test data for an actual Shinkansen tunnel. Furthermore, the higher the train speed is, the more important it is to suppress the steepening of the wavefront of the tunnel compression wave and the peak value of the micropressure wave because the higher the train speed is, the greater the nonlinear effects become. 1D CFD, proposed by Fukuda mentioned above, predicts distortion of the compression waves generated by a train entering and propagating through a tunnel, but its characteristics and istics of solutions of the basic equation of 1D CFD analytically because the basic equation consists of three nonlinear partial differential equations. Analytical procedures are based on a single-variable partial differential equation with focus on a fluctuation disturbed by the compression wave. This single-variable equation differs from the equation of the 1D CFD in terms of heat transfer effects. Numerical results calculated using them differ from each other (2) , (6) .
This paper presents a new simple equation governing distortion of the compression wave propagating through a Shinkansen tunnel with slab tracks without ballast. It is derived from the basic equations of 1D CFD considering heat transfer effects and is suitable for theoretical analysis. The accuracy of the simple equation is verified by comparison of the calculation results based on the equations and on 1D CFD technique. Figure 1 shows an example of the tunnel compression wave generated by a train entering a tunnel. The tunnel compression wave was measured at an actual Shinkansen tunnel entrance without a hood. The waveforms shown in Fig. 1 (a) and Fig. 1 (b) respectively represent a pressure distribution measured directly and a pressure gradient calculated using a central wave, called Hara's formula based on the shock theory, the final pressure rise is given as
Governing Equations
where U, ρ, c, and subscript 0 respectively denote the train speed, the air density, the speed of sound, and the mean value (undisturbed atmospheric value). Also, M = U/c 0 is the train Mach number, R is the blockage ratio between cross-sectional areas of train and tunnel, and ϕ is defined as ϕ = 1 − R. Hara's formula Eq. (1) is known to be consistent with the results of field tests and model experiments. The pressure rise by a train entering a tunnel is extremely small compared to the atmospheric pressure, e.g., in the case of the Japanese Shinkansen, U ∼ 80 m/s, R ∼ 0.2, and ∆p ∼ 2 kPa. The space wavelength of the compression wavefront λ is almost the larger of L nose /M and d/2M, where L nose is the length of the train nose and d Vol. 8, No. 3, 2013 463 mechanisms are still not sufficiently clarified. It is too difficult to investigate the characterfinite difference. By the prediction formula (10) for the strength of the tunnel compression is the tunnel diameter. In the case of the Japanese Shinkansen, L nose ∼ 10 m, d/2 ∼ 6 m and λ ∼ 50 m.
In the micro-pressure problem (2) , it is very important to clarify and predict the relation between a train nose shape and a waveform of the compression wave. Consequently, many reports have described model experiments (2) , (3) , numerical simulations (4) , and Howe's acoustic analysis (11) to investigate it.
Here, a new simple equation is derived as a governing equation of distortion of the compression wave generated by a train entering a tunnel and propagating through it. Fukuda et al. (5) proposed the 1D CFD technique based on following and reported that numerical results are consistent with field test data obtained for an actual Shinkansen.
where t, x, p, p 0 , u, e, f , q, τ, d H , R, and γ = 1.4 respectively denote time, a coordinate along the tunnel, acoustic pressure (disturbed pressure), the atmospheric pressure undisturbed by waves, the velocity of the air, the total energy per unit volume, the frictional term, the heat transfer term, the wall shear stress, the equivalent diameter, the gas constant, and the specific heat ratio of air. The air in the tunnel is stationary before arriving first waves and is regarded as an ideal gas. The main tunnel has constant cross-sectional area and is assumed to extend infinitely along the positive x axis. The compression wave propagates in the positive x direction from the tunnel entrance to exit. Derivation of the energy equation in Eq. (2) is described in the Appendix. Combining three equations of Eq. (2) yields the following equations along the characteristic lines dx/dt = u + c, u, u − c, respectively:
Equation (6) is a progressive wave equation and is the most important in Eqs. (6) - (8) . It expresses distortion of the tunnel compression wave. Deforming formally the operators of the Eqs. (7) and (8) to the same form of Eq. (6) along the characteristic line dx/dt = u + c yields the following:
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In this paper, a new equation is derived from the independent equations (6), (9) , and (10), with the assumption that perturbations are extremely small relative to the atmospheric values. The procedure refers to the Ozawa's analysis (2) . In the following, the terms except for the frictional and heat transfer terms are called source terms on the right sides of Eqs. (6), (9), and (10). For a start, the estimation of the magnitude of the frictional term is summarized as follows. From Eq. (6), the relation between ∆p and L max is estimated as ∆p/ (L max /c) ∼ c f + (γ − 1) q, where the compression wave attenuates completely only by effects of friction and heat transfer with propagation of distance L max . With the additional assumption of
, we have
Only the friction and heat transfer term are considered in the equations above although other effects attenuate the compression wave, e.g., many branches installed in the tunnel. Although additional factors affect the compression waves in the actual tunnel, the compression waves arrive at the exit of the Shinkansen tunnel with more than 10 km distance and they do not fully attenuate with the propagation distance 10 km (5) . From observational evidence as above L max is estimated that L max > 10 km. Substituting the hydraulic diameter of the Shinkansen
. It is necessary to predict the pressure gradient of the compression wavefront in the micropressure wave problem and to observe its distortion according to Eq. (6) all over the tunnel from its entrance to exit. Meanwhile, it is necessary to calculate the fluctuations propagating with the expansion wave and the contact surface according to Eqs. (9) and (10), respectively, in distance λ which denotes the space wave length. The space wavelength of the tunnel compression wave is λ ∼ 50 m, λ≪ L max . Therefore, with consideration of Eq. (11), the right hand of Eq. (9) can be written as
The source terms are superior to the frictional and heat transfer terms. These terms are negligible. The same can be said for Eq. (10). Then, neglecting the frictional and heat transfer terms in Eqs. (9) and (10), we have
on region λ of the tunnel compression wavefront. Integration of Eq. (13) and neglecting the second order perturbation yield
As a result, we get the isentropic relation and the plane wave relation expressed respectively in Eq. (14) and Eq. (15). Substituting Eq. (15) into Eq. (6), then (16) and substituting Eq. (14) into Eq. (16) and neglecting the second order perturbation except for p, we have
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The space evolution equation of the time waveform is more suitable for the micropressure wave problem than the time evolution equation of the space waveform as Eq. (17) because the micro-pressure wave depends on the time fluctuation of the tunnel compression wave. Accordingly, when dividing Eq. (17) by
and using approximation
then we have
Finally, performing the coordinate transformation x ′ = x, t ′ = t − x/c 0 to examine distortion of the compression wavefront specifically, we obtain the following space evolution equation
where x ′ and t ′ are rewritten again respectively as x and t. In this study, we propose Eq. (21) as a basic equation for prediction of distortion of the tunnel compression wave. In Eq. (21), the effect of heat transfer is shown clearly. Hereinafter, a numerical simulation method based on Eq. (21) is called a "Simple Scheme". The Simple Scheme is more suitable for predicting distortion of the tunnel compression wave for the following reasons.
( 1 ) The CFL condition of the 1D CFD based on Eq. (2) is approximately
where u ′ is the velocity referring to the coordinate system fixed on the compression wave.
Meanwhile, the CFL condition of the Simple Scheme is
where M u = u/c 0 . Consequently, the calculation time is reduced to about 1/100 from 1D CFD based on Eq. (2) because it makes us use O (1/M u ) ∼ 10 2 times larger integral interval of the evolution direction than 1D CFD. This results from distinguishing the acoustic pressure (disturbance of the pressure) from its mean value (undisturbed atmospheric pressure) in basic equation. ( 2 ) We can obtain time series data of the compression waveforms directly. They are suitable for comparing the calculated results with those of the field measurements or model experiments. This results from deformation of the time evolution equation to the space evolution equation.
Numerical Simulations

Numerical Methods
In this paper, a verification of the accuracy of Eq. (21) is made by comparisons of results of the Simple Scheme based on Eq. (21) and 1D CFD based on Eq. (2). Here, models of the friction and the heat transfer and numerical methods are described.
Fukuda et al. (5) reported that results of 1D CFD obtained using Hartunian's heat transfer term (12) agreed well with actual Shinkansen field tests. The Hartunian's model is f.
This
The friction model used is the following Vardy's model, which is based on the linear combination of the turbulent steady and unsteady friction (13) , in accordance with Fukuda et al. (5) , Tables 1 and 2 . These parameters were determined assuming an actual Shinkansen tunnel in Refs. (2), (5). The integration intervals in evolution direction of Simple schemes 1 and 2 in Table 2 equal and double, respectively, to those of CFD in Table 2 . The integration intervals in evolution direction are time and space intervals, respectively, in the 1D CFD and Simple schemes. The pressure waveforms are discretized in space and time, respectively, in the 1D CFD and Simple schemes. The time histories of the initial waveform are not data loaded into memory in the 1D CFD because the time evolution of the space waveform is calculated in it. In this paper, we call the unsteady friction caused by the boundary layer associated the initial space waveform the initial
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friction. It is reported that when not considering the initial friction the results of 1D CFD at ε = 11 agree well with those of field tests (5) . In this paper, the initial friction is considered in each calculation method in Table. 2 by presuming that the initial waveform measured at the tunnel entrance comes from infinite direction keeping its waveform. The unsteady friction factor is determined as shown in Table 2 based on the preliminary investigation of calculation results obtained when not considering the initial friction ε = 11 corresponding to those obtained when considering the initial friction at ε = 8.
In the Simple Scheme, Eq. (26) is discretized after p, x, and t are nondimensionalized by p 0 , d H , and d H /c 0 , respectively. The third-order upwind method based on the Chakravarthy's TVD scheme (14) is used for discretization of the nonlinear term of Eq. (26). The first-order method is used for the numerical integral of evolution direction (space integral) in Eq. (26). The unsteady friction is calculated with first-order accuracy, eliminating singular point around ϕ = 0 by fitting a quadratic function to p. The same scheme and method are used for 1D CFD based on the equations Eq. (2) for comparison and verification. The time integration interval of Simple Scheme differs for calculation of convolution term in Eq. (27) from that of 1D CFD because the time integration interval can be a larger value than that of 1D CFD, as described above. In this paper, in the calculation of the convolution term in Simple Scheme the linear interpolation method is used to make the same integration interval as 1D CFD.
Numerical results: no branch case
Japanese Shinkansen tunnels have many short side branches at every 500 m. The effects of these branches on distortion are important and must not be neglected. First, this section describes numerical results of the case where the compression wave propagates through a smooth tunnel without branches. Here, the initial waveform, a compression wave at the tunnel entrance x = 0, is given as
for simplicity. The initial waveform given by Eq. (29) is shown in Fig. 2 . The pressure rise and the maximum value of the pressure gradient (∂p/∂t) max are 2 kPa and 11 kPa/s, respectively, these values and whole waveforms are similar to the measured results described in Fig. 1 . 
The scope of this study includes the results obtained in the case where (∂p/∂t) max is less than 50 (kPa/s), because it is usually less than 30 (kPa/s) in Japanese Shinkansen tunnels with measurements for the micro-pressure waves. The variations of the maximum pressure gradient are almost the same in the results of 1D CFD and Simple Scheme 2, although the results of Simple Scheme 1 are rather smaller than other results when the propagation distance is greater, as shown in Figs. 3(a) and 3(b) .
Numerical results: with branches
Next, the model case which is more similar to an actual Shinkansen tunnel is verified. Short side branches are considered at every 500 m as Fig. 4 to assume the Shinkansen tunnel. In this case, the type 2 branches shown in Table 1 are arranged at every 500 m from the tunnel entrance and the type 1 and 2 are arranged face-to-face at every 1000 m from it. Distortion in the main tunnel section between branches is calculated using the Simple Scheme or 1D CFD. Distortion before and after passing by branches is calculated using acoustical analysis (2) , (5) .
Furthermore, larger branches and shafts, which are installed in many of the long Shinkansen tunnels to ventilate, to ensure an escape route, and to ease maintenance and assessments, are ignored in this study. Figures 5 and 6 show a comparison of the compression waveforms calculated using Simple Scheme 1 and 1D CFD. Figure 7 shows a comparison of the maximum values of the pressure gradients. The initial waveforms of CASE 1 and CASE 2 shown in Figs. 5 -7 were measured at a distance of 10 times the tunnel diameter inside from its entrance in an actual Shinkansen tunnel with a tunnel entrance hood (2) . The Shinkansen car in CASE 1 is larger and enters tunnels faster than that in CASE 2. The initial gradient waveform of CASE 1 is more gentle around the its peak and more similar to a trapezoidal shape than that of CASE 2. The initial gradient waveform of CASE 2 has two peaks and is a two-hump shape. It is reported on field tests in a Shinkansen tunnel that a trapezoidal shape initial waveform like that of CASE 1 tends to steepen up more rapidly than a two-hump shape waveform like that of CASE 2 (15) .
Numerical results of Simple Scheme 1 agree well with those of 1D CFD, as shown in Figs. 5 -7 when assuming an actual Shinkansen tunnel with short side branches arranged at regular intervals Fig. 4 . In CASE 1, (∂p/∂t) max by Simple Scheme 1 are rather smaller than that by Simple Scheme 2. Discontinuous changes of (∂p/∂t) max denote the effects of short side branches. 
Discussion
This study re-examines derivation of the basic equation governing distortion of the tunnel compression wave in Ref. (2) and improves its accuracy. The basic equation derived in Ref. (2) is
in the coordinate fixed on a compression wave, where τ s is the steady wall friction and τ us is 
The correspondence of Eq. (32) to Eq. (2) has been obscured because an arbitrary heat transfer model cannot be applied to it. In addition, numerical results based on Eq. (32) differ from those based on Eq. (2). Then, in this study, the equation (21), which is a single-variable equation of acoustic pressure, is derived directly from Eq. (2) using a method described in Ref. (2) . An arbitrary heat transfer and friction models are applicable to Eq. (21) because it includes these terms. As mentioned above, when applying the Hartunian's heat transfer model to corresponding terms in Eq. (2) and (21), we have,
but the Eq. (26) is approximated much more simply for comparison with Eq. (32). It can be said that the difference of Eq. (32) and Eq. (33) is the presence of the factor
, expressing the effect of the heat transfer, when considering that the exponent parts of the Prandtl number in them satisfy
The numerical results of the Simple Scheme are found to be in good agreement with that of 1D CFD from Figs. 5 -7 in the case of an actual Shinkansen tunnel with short side branches arranged at regular intervals Fig. 4 . However, the maximum pressure gradient (∂p/∂t) max by the Simple Scheme 1 tends to be smaller than that of 1D CFD according as the propagation distance, the tunnel length, is longer. It follows from this that in the case of the larger maximum pressure gradient (∂p/∂t) max the Simple Scheme needs smaller grids than 1D CFD does. This disagreement is possible to derive from the effect of the numerical error rather than the difference of the basic equations. For instance, the Courant number of the Simple Scheme varies at each grid in proportion to the acoustic pressure p differently from that of 1D CFD, which is determined by the speed of sound c 0 and constant approximately at whole grids. Consequently, the numerical viscosity differs in both numerical methods and affects the change of (∂p/∂t) max . Further consideration will be needed.
In Eq. (26), the variables are reduced to one by distinguishing the perturbations caused by the tunnel compression wave, from the air condition at the rest. A single-variable equation simplifies the analytical investigation of distortion of the compression wave. Furthermore, as described above, it has been reported that numerical results calculated using 1D CFD, which is used in this paper to verify the Simple Scheme accuracy by comparison of the results, agreed well with field test data for an actual Shinkansen (5) .
The calculation time by the Simple Scheme, such as Figs. 5 and 6, are approximately 1/100 as long as that by the 1D CFD. This result corresponds with the fact that the CFL condition of the Simple Scheme is relaxed to approximately 1/100 and the basic equation based on the perturbation, the acoustic pressure, yields this benefit, as shown in the latter part of Section 2.
A general 1D CFD stores not the time waveforms but the space waveforms because a numerical method based on the time evolution equation, such the Eq. (2), performs calculations as storing an instantaneous space waveform and updating it. However, calculation of the convolution term, such as the unsteady friction term in Eq. (27), requires storage of Vol. 8, No. 3, 2013 the time waveform in addition to the space waveform. Consequently, the required memory size increases two-dimensionally in 1D CFD because of this additional memory. A numerical method based on the time evolution equation, such Eq. (26), does not require additional memory for calculating the unsteady friction term because it always stores the time waveform. This benefit is brought by exchanging the evolution type of the basic equation from space to time.
In this way, calculation based on the Simple Scheme reduces the required time and memory size greatly compared to 1D CFD. The Simple Scheme is anticipated for application to problems requiring repetitive calculations such as optimizing the measures of the micropressure wave and parameter studies of the friction model. The calculation method used in Ref. (2) also has these benefits in numerical calculation, although the accuracy of the results is insufficient. In Ref. (2), the calculation is based on Eq. (31), with the method of characteristics. The problem is changed to a time evolution type of a boundary value problem when applying the numerical method.
Many studies (2), (6), (8), (9) have also used isentropic approximation for the analysis of a compression wave propagating through a tunnel. These studies introduce a progressive wave equation from the continuity equation, the momentum equation, and the isentropic relation to determine the three unknown values of a one-dimensional compressible flow equation. Because of the use of the isentropic relation instead of the energy equation, it has been difficult to apply the arbitrary heat transfer model. By contrast, in this paper, the progressive wave equation is derived from the three characteristic equations based on the continuity equation, the momentum equation, and the energy equation as neglecting the higher order of the source, friction and heat transfer terms. It is shown that the practical equation with high accuracy is given by simultaneous equations of the isentropic relation, the plane wave relation and the progressive wave equation Eq. (6), including the friction and heat transfer term.
As shown in Figs. 5 -7, the compression wave steepens more with its propagation in CASE 1, but the maximum value of the pressure gradient of the compression wave almost maintains its initial value in CASE 2. Therefore, the initial wave form of CASE 2 is more suitable for reducing the micro-pressure wave. Investigation and clarification of the cause of the difference of the steepening between CASE 1 and CASE 2 by analytical study of characteristics of the basic equation proposed in this paper are future problems to be addressed.
Conclusion
A simple equation and numerical calculation method (Simple Scheme) are proposed for distortion of the compression wave propagating through a Shinkansen tunnel with slab tracks. A validation of their accuracy was made in this study. The results presented herein are summarized as follows.
( 1 ) A simple equation Eq. (21) for calculating distortion of the compression wave propagating through the concrete slab track tunnel of the Japanese Shinkansen is derived from the characteristic forms of the basic equations of 1D CFD in reference to Ref. (2) . This equation is a single-variable equation describing space evolution of the acoustic pressure. This equation enables consideration of the effect of arbitrary heat transfer model. The suitable previous models of the heat transfer and the friction are applicable to Eq. (21).
( 2 ) The numerical method based on the simple equation reduces the calculation time and memory size greatly from those of the 1D CFD. Reducing the number of the variables of the basic equation from three to one, reduces the calculation time. Changing the evolution type of the basic equation from time to space reduces the memory size.
( 3 ) The calculation results by the scheme based on the proposed simple equation agree well with those by a conventional scheme based on 1D CFD. The accuracy of the simple equation is verified. Vol. 8, No. 3, 2013 It is necessary for prediction of the micro-pressure wave to predict distortion process of the tunnel compression wave. Furthermore, it is important for reducing it to suppress the steepening of the wavefront of the tunnel compression wave. However, with respect to the mechanism of distortion process, many unsolved questions remain. The simple equation (21) is suitable for analysis and is useful to elucidate details of distortion process phenomenon. Reducing the calculation time using the proposed method based on the simple equation enables consideration of countermeasures against micro-pressure waves, although the calculation of distortion process of propagation is time-consuming. Developing a theory of distortion of tunnel compression wave propagation remains as a subject for further study.
Appendix.
Here, an explanation is added about derivation of the one-dimensional energy equation (3) . When neglecting viscosity and heat diffusion, the three-dimensional energy equation of a parallel flow in x direction is given as 
where <> is a cross-sectional average value, A denotes the cross-sectional area of the tunnel, In this way, no term on the frictional effect arises in the energy equation Eq. (2) . A detailed analysis is presented in Ref. (16) .
